The suitability of various post and core materials for the 4-unit zirconia fixed partial denture abutment teeth was investigated to lower stress concentration. Artificial mandibular teeth (44 and 47) were used as the abutment teeth. There were two types of posts and cores: resin composite with glass fiber posts (RC), and cast platinum gold alloy (MC). Two experimental groups were analyzed. For Group RM, the premolars were restored with RC and the molars were restored with MC. For Group MR, the premolars were restored with MC and the molars were restored with RC. Static loading was applied to the occlusal surfaces, and the surface strain of the frameworks and roots was measured with a strain gauge. Group RM had a greater number of statistical differences between premolars and molars compared to Group MR. This result suggests that the Group MR post and core material combination reduces stress concentration.
INTRODUCTION
Endodontically treated teeth that show extensive damage to the coronal tooth structure are usually restored with post and core systems for the final restoration. The cast post and core has been traditionally used because of its high mechanical strength and desirable fit in the root canal 1, 2) . However, teeth that have been restored with these systems often show vertical root fractures caused by increased stress concentration at the apical region of the post and on the alveolar bone ridge; this may occur owing to a difference in the Young's modulus between dentin and metal 3, 4) . Recently, composite resin properties and adhesive technologies have improved 5, 6) , and composite resin cores with glass fiber posts are becoming increasingly prevalent. The Young's modulus of composite resin, in contrast to that of the cast post and core, is more comparable to that of dentin, resulting in decreased stress concentration. Therefore, restoration with a composite resin core and glass fiber post can prevent the incidence of vertical root fractures 2, 7) . In addition, composite resin cores have superior esthetics 8) , and do not induce metal allergy.
Fixed partial dentures (FPDs) are fixed prostheses for replacing missing teeth. Metal-ceramic FPDs were introduced as esthetic restorations several decades ago. This system has a good load-bearing capacity 9) and exhibits high longevity 10) . In recent years, all-ceramic restorations with zirconia frameworks have been widely used because of their good esthetics 11) and biocompatible nature 11, 12) . Moreover, recent advances in the computeraided design/manufacturing (CAD/CAM) systems have facilitated the use of yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) for the fabrication of the FPD framework in both the anterior and posterior alveolar segments. The use of Y-TZP is attractive owing to its remarkable strength 13, 14) . Additionally, several clinical studies have reported that zirconia-based FPDs can serve as a suitable alternative to metal-ceramic FPDs 15, 16) . The zirconia framework has a relatively high Young's modulus, which prevents the flexural and radial fracture of the porcelain veneer 17, 18) . Prior studies [1] [2] [3] [4] [5] 7, 9, [12] [13] [14] [17] [18] [19] [20] have evaluated either the properties of post and core materials or those of the framework materials in isolation. Numerous studies 2, 5, 7, 8, 20) have reported that the Young's modulus of the post and core materials should be similar to that of dentin to prevent vertical root fracture. In contrast, some studies 17, 18) have reported that the Young's modulus of the zirconia framework is greater than that of metal framework, which may help in preventing the fracture of the porcelain veneer. However, few studies 21) have evaluated both post and core materials and framework materials. The difference in the Young's modulus between the abutment teeth and the FPD framework on stress distribution has not been clarified.
A previous study led by Inagaki et al. 21) investigated the surface strain of zirconia FPD frameworks and the roots of the abutment teeth when the missing posterior teeth were replaced by a 4-unit Y-TZP framework, and when the abutment teeth were additionally restored with two types of post and core materials. The study reported that high surface strain was detected, particularly at the premolar abutment, and that the cast post and core system played a role in limiting the magnitude of surface strain on the framework. This observation was also relevant to the abutment roots in which all comparisons were compared against resin composite cores with glass fiber posts. The stress distributions of endodontically treated teeth can be analyzed with a variety of methods: finite element analysis (FEA) 3, 5, 22) , photoelastic methods 20) Fig and by using strain gauges 19, [21] [22] [23] . FEA and photoelastic methods evaluate the stress distribution within the models based on the mechanical properties of the material. In contrast, strain gauges are attached to models fabricated from the actual materials; the gauges then accurately measure the magnitude of surface strains. The model experiment closely simulates the clinical situation.
Dentists must determine which type of post and core materials would be suitable for the abutment teeth of the FPD to ensure a good prognosis. In a previous report 21) on FPDs, the stress concentration varied depending on the type of post and core material used and the type of abutment tooth, whereby the abutment teeth were restored with the same type of post and core materials. However, dentists should consider the stress distribution when each abutment tooth is restored, as there are different types of post and core materials that demonstrate different behaviors in a clinical setting, resulting in a more complicated stress distribution. The most suitable type of post and core materials for each abutment tooth type remains unclear. Hence, the purpose of this study was to investigate the optimal combination of post and core materials for the 4-unit zirconia FPD abutment teeth using the strain gauge method when each abutment tooth is restored with different types of post and core materials. The hypothesis to be tested was that the premolar abutment tooth should be restored with the cast post and core, and that the molar abutment tooth should be restored with a composite resin core with glass fiber post. This strategy is expected to reduce the stress concentration on both the zirconia framework and the abutment roots when each abutment tooth is restored with different types of post and core materials.
MATERIALS AND METHODS
Specimen fabrication and testing procedures were followed as described previously 21) .
Specimen fabrication 1. Root duplication of abutment teeth Models of extracted human teeth, i.e., the mandibular right first premolars (B12-50-#44, Nissin Dental Products, Kyoto, Japan) and the mandibular right second molars (B12-51-#47, Nissin Dental Products) with prepared post spaces, were used in this study. For the premolars, the depth of the post space was 8.0 mm. For the molars, the depth of the post space from the coronal area to the pulp chamber floor was 3.5 mm. The molar model had three root canals: mesiobuccal, mesiolingual, and distal. The depths for the post space measured from the pulp chamber floor to the apical area were 2.0, 3.0, and 4.0 mm, respectively. The ferrule height of both models was 1.0 mm, and the finish line shape had a rounded-shoulder configuration (Fig. 1) . Impressions for the extracted teeth models were taken with vinyl polysiloxane impression material (MEMOSIL2, Heraeus Kulzer, Hanau, Germany). An automix resin composite (Clearfil DC Core Automix ONE, Kuraray Noritake Dental, Tokyo, Japan) was injected into the impression and light-cured from the mesial, distal, buccal, lingual, coronal, and apical sides for 20 s each with a dental curing light (BlueShot, Shofu, Kyoto, Japan; 650 mW/cm 2 light intensity). Subsequently, the impression was removed and the duplicated model was again light-cured from the coronal and apical sides for 20 s each. The duplicated root models were used as the experimental abutment teeth.
The experimental teeth were inclined at specific angles relative to the vertical plane and were temporarily fixed. The mesiodistal and the buccolingual inclination of the premolar were: +6° and +9°; and that of the molar were: +14° and −20°, respectively (positive values indicate that the tooth is inclined towards the mesial or buccal sides from the tooth axis, and negative values indicate that the tooth is inclined towards the distal or lingual sides from the tooth axis) 24) .
Fabrication of posts and cores
Two types of post and core systems were used: the resin composite core with glass fiber posts (RC) and the cast post and core (MC). Two experimental groups (n=10) were analyzed as follows: Group RM, in which the premolar was restored with RC and the molar was restored with MC; and Group MR, in which the premolar was restored with MC and the molar was restored with RC. Impressions of the post spaces were taken with hydrophilic vinyl polysiloxane impression materials (Examixfine regular type and Exafine putty type, GC, Tokyo, Japan). Stone casts were fabricated with an improved dental stone (New Fujirock, GC). Post and core patterns were fabricated with inlay wax (Inlay Wax Medium, GC, Pin Wax, Shofu). The height of the core was adjusted to 5 mm.
For the RC, in order to confirm the core shape, a mold was made of vinyl polysiloxane impression material (MEMOSIL2, Heraeus Kulzer). The glass Noritake Dental) was injected into the post space of the stone cast and the glass fiber post was inserted into the center of the canal. Following curing with a dental curing light (BlueShot, Shofu; 650 mW/cm 2 light intensity) from the coronal sides for 20 s, the core was built up with the same resin composite using the core mold and was then light-cured from the lingual, coronal, mesial, distal, and buccal sides for 20 s each. Following 10 min of chemical curing, according to the manufacturer's instructions, the posts and cores were then removed.
For the MC, the post and core patterns were invested with an investment material (Cristobalite PF, Shofu) and cast in platinum gold alloy (PGA-3, ISHIFUKU Metal Industry, Tokyo, Japan). The cast post and cores were heat-treated according to the manufacturer's instructions.
The surface treatments prior to cementation are shown in Table 1 . The surfaces of the post spaces of both groups and the posts of the RC were treated in the same manner as the glass fiber post. Additionally, the surfaces of the MC posts were sandblasted with 70-µm grain-sized aluminum oxide particles (HI ALUMINAS, Shofu) at 0.4 MPa for 10 s from a distance of 10 mm and ultrasonically cleaned in distilled water twice for 5 min each. Each post was applied with a metal primer (Alloy Primer, Kuraray Noritake Dental). Subsequently, the posts and cores of both systems were cemented to the roots with a dual-curing resin luting cement (Panavia F 2.0, Kuraray Noritake Dental) according to the manufacturer's instructions. The excess cement was removed from the margin using small, disposable brush tips, and explorer. The specimens were light-cured from the buccal, mesial, lingual, and distal sides for 20 s each with a dental curing light (BlueShot, Shofu; 650 mW/cm 2 light intensity).
Fabrication of frameworks
The abutment teeth were temporarily fixed, inclined at specific angles, and set 18.0 mm apart from one another. The value of 18.0 mm was selected as it was considered to be the average length of the mandibular second premolars and the mandibular first molars 25) . The impressions of the abutment teeth were taken with hydrophilic vinyl polysiloxane impression materials (Examixfine regular type and regular hard type, GC) and stone casts were fabricated with an improved dental stone (New Fujirock, GC). A CAD/CAM system (Cercon smart ceramics, DeguDent, Hanau, Germany) was used to fabricate the 4-unit zirconia bridge frameworks. The casts were scanned (Cercon eye, DeguDent) and the frameworks were designed (Cercon art, DeguDent). The thickness of the zirconia framework was 0.5 mm. The cross-sectional areas of the connection parts were, from mesial to distal, 9.0, 9.0, and 11.0 mm 2 , respectively; they were shaped elliptically. Partially sintered zirconia blocks (Cercon base, DeguDent) were milled (Cercon brain, DeguDent), and sintered (Cercon heat, DeguDent) according to the manufacturer's instructions.
The surface treatments prior to cementation are shown in Table 1 . Some studies reported that the adhesive phosphate monomer, 10-methacryloyloxydecyl dihydrogen phosphate (MDP), promotes bonding to zirconia 26) . A ceramic primer (Clearfil Ceramic Primer, Kuraray Noritake Dental) contains MDP. Each of the inner surfaces of the frameworks was sandblasted with 70-µm grain-sized aluminum oxide particles (HI ALUMINAS, Shofu) at 0.2 MPa for 10 s from a distance of 10 mm, ultrasonically cleaned in distilled water twice for 5 min each, and then applied with a ceramic primer (Clearfil Ceramic Primer, Kuraray Noritake Dental) according to the manufacturer's instructions. For the RC, the surfaces of the abutments were treated in the same manner as the glass fiber post. For the MC, the surfaces of the abutments were applied with a metal primer (Alloy primer, Kuraray Noritake Dental). The frameworks were then cemented onto the abutment with a dual-curing resin luting cement (Panavia F 2.0, Kuraray Noritake Dental) according to the manufacturer's instructions. The resin luting cement also contained MDP.
Measurement of strains
In this study, the surface strain of the frameworks and the abutment roots was measured with strain gauges. The gauges were placed accordingly at the mesiobuccal (FMB) and the mesiolingual (FML) framework surfaces of the molar; the distobuccal (FPB) and distolingual (FPL) framework surfaces of the premolar; the mesiobuccal (RMB) and mesiolingual (RML) root surfaces of the molar abutment tooth and the distobuccal (RPB) and distolingual (RPL) root surfaces of the premolar abutment tooth. The aforementioned surfaces of the frameworks and roots were sandblasted for 10 and 5 s, respectively, with 70-µm grain-sized aluminum oxide particles (HI ALUMINAS, Shofu) at 0.2 MPa from a distance of 10 mm, and were then ultrasonically cleaned in distilled water twice for 5 min each. Two kinds of rosette strain gauges (KFG-1-120-D17-11 N30C2 and KFRS-02-120-D35-13 N30C2, Kyowa Electronic Instruments, Tokyo, Japan) were attached to the specimens with a strain gauge cement (CC-33A, Kyowa Electronic Instruments) under finger pressure for 1 min on a polyethylene film. These specimens were stored at room temperature for 24 h. All the specimens were embedded in an acrylic resin base (Palapress vario, Heraeus Kulzer), and each root was located 3 mm below the preparation margin. To simulate the periodontal ligament (approximately 0.25 mm), each root was surrounded with a layer of vinyl polysiloxane material (Correct Plus, Pentron Clinical, Orange, CA, USA) (Fig. 2) .
Using a universal testing machine (Autograph AGS-H, Shimadzu, Kyoto, Japan), the specimens were loaded on the occlusal surfaces with a crosshead speed of 1.0 mm/min at up to 200 N through a small load cell (φ2.5 mm). The points of loading were at the centers of the premolar (CP), connecting area of the two pontics (CD), and the molar (CM). The loading direction was perpendicular to the occlusal surface of the framework (Fig. 3) . The outputs from the strain gauges were recorded with sensor interfaces (PCD-300B, PCD-330B-F and PCD-300A, Kyowa Electronic Instruments). The magnitudes of the maximum and minimum principal strain (ε max, εmin) were calculated as follows: 
RESULTS

Comparison of the points of loading
For the consideration of the two groups and the sum total of the gauge positions, the significant differences between the two loading points are shown in Fig. 4 . The magnitude of the minimum principal strain of the framework and the magnitude of the maximum and minimum principal strain for root loading at CD were significantly higher than those obtained with loading at CP and CM (p<0. This indicated that the abutment tooth restored with the cast post and core system resulted in significantly lower principal strains than those evident with resin composite core with glass fiber posts.
Comparison of groups
Comparison of gauge positions
The surfaces of the premolar frameworks (FPB and FPL) showed significantly higher magnitudes of principal strain than those of the molar frameworks (FML and FMB) in both groups during loading at all points in the 
DISCUSSION
Experimental conditions
The present study attempted to model in vivo conditions. The loading points were positioned at three points: CP, CD, and CM, and the point forces were applied perpendicularly to the occlusal plane to each of these three positions. During the in vivo conditions, an occlusal force distributes over the plural contact points, and has an additional lateral component in the intercuspal position during clenching and chewing. Therefore, the loading conditions of our study could not perfectly simulate a real, clinical scenario. Nonetheless, our study was able to investigate the stress distribution and the biomechanical behaviors resulting from the varying loading configurations. For instance, our result suggested that pontic loading was characterized by high magnitudes of surface strains 27) stated that stress distribution differed depending on the different loading configurations, which was consistent with our results. The relationship between the stress distribution and the load configuration warranted particular emphasis.
In the present study, the roots duplicated with resin composites were used as the experimental abutment teeth in order to standardize the morphology and the condition of the roots. In a comparison of the Young's modulus of the resin composite and dentin, the value for resin composite was reported at 12 , and 18.6 GPa 4) . Therefore, the Young's modulus of resin composite was comparable to that of dentin. According Jongsma et al. 29) , the shear bond strength of Panavia F 2.0 to resin composite and to root dentin was 9.3 and 7.2 MPa respectively, after self-curing. There was no significant difference between these values. Jongsma et al. 29) stated that no significant differences between the self-cure and the dual-cure were observed for the shear bond strength for Panavia F 2.0. In other studies 30, 31) , the shear bond strength of Panavia F 2.0 to resin composite was 11.9 MPa 30) , and 19.1 MPa 31) for dentin after dual-curing. Consequently, for the Young's modulus and the bond strength, we conjectured that the differences between the root models fabricated with resin composite and human teeth had a negligible effect on the results of the present study.
Acrylic resin bases and vinyl polysiloxane material were used to simulate cancellous bone and the periodontal ligament, respectively. The abutment roots were placed at an inclined position at specific angles, and were set specific distances apart, based on anatomical measurements. However, the complicated morphology of the mandibular bone was not simulated completely. The inclined roots of the specimens were embedded in acrylic resin bases with flat surfaces. Additionally, under standard conditions, the process of mastication involves the inward displacement of teeth towards the dental arch 32) , a feature that had not been accounted for in our experimental model. The FPD was composed of a framework and two abutment teeth that were fixed together, and the abutment teeth were rooted into the mandible through the periodontal ligament. Mandibular deformation was evident during loading of the abutment teeth, and the teeth displacement simulated the distortion of the periodontal ligament generated by an occlusal force. Therefore, it is unclear how the morphology of the mandible and the two teeth displacement affects the stress distribution of the frameworks and abutment roots. Moreover, other unmentioned limitations in our experimental modeling compared to those of the in vivo scenario persist, so further investigations, especially using in vivo modeling, are required for the assessment of our results.
Experimental methods
This study focused on the surface strains around the margins of the 4-unit zirconia FPD frameworks. Libman and Nicholls 33) reported that the presence of a crack and micro-movements of the crown, which were indiscernible to the naked eye, were visually observable using the strain gauge. Yamashita et al. 34) reported that the load and strain were only proportional up until to a certain load limit, and then became subject to sudden and rapid changes in the load-strain curve. This transition point represents the threshold at which the cement fracture has occurred. This indicates that the surface strain concentration around the margins had led to a cement fracture. During in vivo scenarios, the cyclic load of mastication and the intrusion of saliva may also lead to cement fracture. Cement fracture can result in microleakage, cause secondary caries, and lead to the loss of crowns, FPDs, and posts and cores in clinical situation. Although other factors such as the marginal accuracy of FDPs and the maintenance of plaque control are also related to these complications, the surface strain concentration can also be considered as one of the factors. Therefore, we selected the strain gauge method in order to investigate the effects of the post and core materials on the prognosis of FPDs, in combination with the abutment teeth.
Conversely, clinical complications, such as vertical root fractures, have also been observed in abutment teeth restorations with cast post and core. Nonetheless, the possibility of a root fracture was not explored in this study. A root fracture prorogates from the wall of the root canal and progresses to the outer root surface. This would indicate that the root surface strain would yield little insight into root fracture patterns 22) . FEA and photoelastic methods analyze the internal stress distribution based upon material properties. Hence, the FEA and photoelastic methods have been additionally used for the evaluation of vertical root fractures in the present study.
Stress analysis
This study investigated the optimal combination of post and core materials for achieving reduced surface strain in the abutment teeth and the 4-unit zirconia FPD when each abutment tooth was restored with different types of post and core materials. Our findings have indicated that restoration of the premolar abutment tooth with the cast post and core, and the molar abutment tooth with the composite resin core and glass fiber posts results in reduced stress concentration in the zirconia frameworks and the abutment teeth. Consequently, we evaluated the surface strain with respect to two aspects.
Comparison between two post and core materials
Our results showed that the cast post and core limits and equally distributes surface strain when compared to the resin composite core with glass fiber posts in both the framework and the roots. In a comparison of the Young's modulus of materials used in this study, the values for Y-TZP, resin composite, glass fiber post, platinum gold alloy, and dentin were 210 GPa 35) , 12 GPa 28) , 28 GPa 4) , and 95 GPa 3) , and 15 GPa 20) , respectively. The difference in the Young's modulus between the Y-TZP framework and the resin composite core with glass fiber post was larger than that between the Y-TZP framework and the cast post and core. Assif and Gorfil 36) and Suzuki et al. 19) reported that stress concentration occurred at the interface between the materials with differing Young's modulus. Moreover, a previous report by Inagaki et al. 21) mentioned that the framework and the roots may act as a rigid body owing to the small differences between the elastic moduli of the restorative materials. Although, in the present study, each abutment tooth was restored with a different post and core material, our results supported the findings of these reports. Additionally, the specimens examined in the present study may also partially act as a rigid body.
The maximum number of statistical differences between the two groups were observed during loading at CD in a comparison of the three loading point [Figs. 5-7(A)-(D)]. Moreover, during loading at CD, the magnitudes of the principal strains tended to be the highest [ Fig. 4(A)-(D) ]. Motta et al. 27) investigated the stress distribution of all-ceramic FPDs under differing loading conditions by FEA. They reported that during loading, the maximum bending stress was induced loading at the pontic, and the maximum tensile stress was observed at the inferior connector region. Our study also revealed similar results i.e., high strain was observed during loading at CD. The FPD framework was fixed to the abutment teeth near the connectors; therefore, when the center of the pontic was loaded, the FPD framework caused a bending moment at the center of the pontic. In addition, the connectors were narrow. Hence, stress concentration is prone to occur at the connectors during loading at the pontic. In the study by Motta et al. 27) , post and core materials were not designed. Nonetheless, a relationship was observed between the magnitude of stress concentration and the extent of influence played by the material type of the post and core system in our study. This is because under stress concentration in severe loading situations, the difference between behaviors resulting from the differing Young's moduli of the materials (cast post and core and resin composite core with glass fiber posts) becomes significant.
We propose that the post and core materials should have a high Young's modulus, similar to that of the zirconia frameworks, in order to limit surface strains. In contrast, it was also considered desirable for the Young's moduli of the post and core materials to be of a similar magnitude to that of dentin, in order to avoid root fractures. However, the values for the Young's modulus of the FPD frameworks and dentin are too different; and therefore, it would be difficult for the post and core materials to have a similar Young's modulus between the two aforementioned materials. In our study, the root models had sufficient tooth structure. Therefore, it was considered that the abutment roots restored with the cast posts and cores have a low risk of root fracture. However, for roots with thin dentin walls (due to recurrent treatments), the risk of root fracture is high, and the resin composite core with glass fiber posts is recommended for the reinforcement of the residual dentin. In this way, the optimal post and core systems are decided in a clinical situation depending on many factors, such as the amount of residual tooth structure, the periodontal condition, the type of the abutment tooth, the patient's occlusion, the span of the fixed prosthesis, and other factors. Hence, distinct criteria for deciding the appropriate post and core systems are currently lacking. Further investigations into the type of post and core materials or systems are important for improved, final restorative strategies for endodontically treated teeth.
Comparison between the premolar and the molar
The premolar surfaces showed significantly higher magnitudes of principal strain compared to the molars for both the framework and the roots at the various gauge positions, irrespective of the groups and loading points. Yamashita et al. 23) reported that when one retainer was loaded, the other retainer was also strained in vivo; however, an in vitro analysis revealed that the strain was localized on the marginal portion just inferior to the loaded cusp. Fischman 37) and Korioth and Hannam 38) reported that the deformation of the mandibular alveolar bone should be considered in the design of a mandibular posterior prosthesis. Although this study used an in vitro model, the result coincided with the data derived from another in vivo study conducted by Yamashita et al. 23) . Consequently, the result suggested that the presence of simulated periodontal ligament and cancellous bone was sufficiently similar to in vivo conditions. In a previous report by Inagaki et al. 21) , the surface of the premolar roots showed higher magnitudes of principal strains than those of the molar root surfaces. Our results evaluating the surface strain of the abutment roots support the findings of the previous report. The previous report also stated that the loadinginduced deformation of the mandibular alveolar bone, as well as the differences in the bulkiness of the roots, could have influenced the result. As the bulk of the molar is greater than that of the premolar, the molar shows a lower magnitude of surface strain compared to the premolar. Moreover, the molars have multiple roots, whereas approximately 98% of the premolars have a single root 39) . The differences in root morphology are considered to affect the stress distribution of the framework and abutment teeth.
When comparing the stress distributions of the whole framework and the two abutment teeth between the two groups, a greater number of statistical differences was evident between the premolar and the molar in Group RM than in Group MR [Figs. 5-7(A)-(D)]. In the present study, the premolars showed higher magnitudes of principal strains than those of the molars; therefore, our results suggested that the premolars have a greater tendency, compared to the molars, to distort under loading conditions. In Group MR, the premolar was restored with a cast post and core, while the molar was restored with a resin composite core with glass fiber posts. Therefore, the magnitudes of surface strain between the premolar and the molar were similar, whereby the model deformed more uniformly in Group MR than in Group RM. Consequently, the highest principal strain in Group MR was lower than that in Group RM. The results suggested that the stress concentration in the framework and the abutment teeth was reduced in Group MR when compared to Group RM; additionally, the stress distribution was affected by the combination of the post and core materials for the 4-unit zirconia FPD and the abutment teeth. Hence, our results support the hypothesis that the premolar abutment tooth should be restored with the cast post and core, whereas the use of a composite resin core with glass fiber posts was indicated for the restoration of the molar abutment tooth. This strategy helps to reduce the stress concentration for both the zirconia framework and the abutment roots when each abutment tooth is restored with different types of post and core materials.
Inagaki et al. 21) reported that the abutment tooth restored with the cast post and core showed significantly lower magnitudes of principal strains compared to those restored with the resin composite core with glass fiber posts. This was evident at both the premolar and molar surfaces, whereby both abutment teeth were restored with the same type of post and core materials. Although the present study involved the restoration of each abutment tooth with a different type of post and core material, when compared to the results of Inagaki et al. 21) , the results suggested that the molar surfaces showed lower magnitudes of principal strain, and that the stress concentration was reduced when both abutment teeth were restored with the cast post and core system as opposed to the use of resin composite with glass fiber posts.
We investigated the surface strain of the zirconia FPD frameworks and the roots of the abutment teeth. In a comparison between the Y-TZP and metal frameworks for metal-ceramic FPDs, the Young's modulus of Y-TZP and that of gold alloy were 210 GPa 35) , and 95 GPa 3) , respectively. As the Young's modulus of gold alloy is lower than that of Y-TZP, metal frameworks may be more predisposed towards higher principal strains compared to Y-TZP frameworks. The Young's modulus for the metal framework is more comparable to that of the cast post and core than for that of the resin composite core with glass fiber post. This was similarly observed for the Y-TZP framework. Therefore, we speculate that the cast post and core limits the surface strain of the framework and for the abutment roots for the metal framework. Conversely, irrespective of the materials that were used for the FPD frameworks, the premolars and the molars exhibited similar behaviors during loading for the Y-TZP frameworks. Consequently, we also speculate that the surface strain of the premolar abutment tooth was higher than that of the molar abutment tooth for the metal framework. Further studies, investigating metal-ceramic FPDs are required for comparison with our results.
CONCLUSIONS
Within the limitations of this study, the following conclusions can be drawn for the use of a 4-unit Y-TZP framework for the replacement of missing teeth (45 and 46):
1. The surface strain of the premolar abutment tooth was higher than that of the molar abutment tooth, irrespective of the type of post and core material used when each abutment tooth was restored with a different post and core material. 2. The cast post and core system limits the surface strain of the framework and the abutment roots, in contrast to the resin composite core with glass fiber posts for the same abutment tooth, when each abutment tooth was restored with a different post and core material. 3. The stress concentration was reduced when the premolar abutment tooth was restored with the cast post and core, and when the molar abutment tooth was restored with a composite resin core with glass fiber posts, for the restoration of each abutment tooth with different types of post and core materials.
